Introduction
As one of the most important long-term complications of diabetes, diabetic nephropathy (DN) is the major cause of end-stage renal disease [1] and high mortality in diabetic patients. The main clinical features of DN are persistent albuminuria and progressively declined glomerular filtration rate (GFR). Microalbuminuria (30-300 mg a day of albumin in urine) indicates early DN while macroalbuminuria (>300 mg/day) represents DN progression [2] . The major pathological features of DN are characterized by hypertrophy and expansion in the glomerular mesangium and tubular compartments, along with podocyte dysfunction and accumulation of extracellular matrix (ECM) proteins. Several mechanisms, including hyperglycemia, advanced glycation end products, protein kinase C, oxidative stress, inflammation, and poly(ADP-ribose) polymerase activation, are believed to contribute to the pathogenesis and development of DN [3] . Several typical cell signaling pathways have been proven to be involved in DN. For example, transforming growth factor-(TGF-) is a well-known pathway leading to the accumulation of ECM in DN [4] [5] [6] . Phosphoinositide 3-kinase-protein kinase B (PI3K-Akt) pathway is considered to result in glomerular hypertrophy and ECM accumulation [7, 8] . Mitogen-activated protein kinase (MAPK) family including P38, extracellular signal-regulated kinases (ERK), and c-Jun N-terminal kinases pathways are also found to cause DN [9] [10] [11] [12] [13] . Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-B), a key inflammatory pathway, recruits a variety of inflammatory cytokines involved in DN [14] [15] [16] . However, the molecular pathogenesis hidden behind is still not fully understood.
MicroRNAs (miRNAs) are endogenously produced short noncoding RNAs of about [21] [22] [23] [24] [25] nucleotides that have been shown to play important roles in modulating gene expression, thus affecting almost every key cellular function [17, 18] . The biogenesis of miRNA has been largely understood and the canonical pathway was summarized in Figure 1 .
Upregulated miRNAs in DN
Under diabetic conditions, several miRNAs are upregulated in diabetic kidney. These miRNAs bind to the 3 UTR of renoprotective genes which leads to their decreased expression. As a result, these upregulated miRNAs contribute to the pathogenesis of DN (Table 1) .
miR-192.
The pioneering work on miR-192 by Kato and coworkers indicated a central role of miR-192 in the development and progression of DN [22, 24, 25] . miR-192 was upregulated along with increased mRNA level of collagen 1 alpha 2 (COL1 2) compared with nondiabetic control in glomeruli isolated from streptozotocin-(STZ-) induced type 1 diabetic mice and db/db type 2 diabetic mice. Importantly, miR-192 was found to repress EF1 and Smad-interacting protein 1, which are repressors of COL1 1 and COL1 2 [24] . Another study showed miR-192-miR-200 cascade induced TGF-1 expression. Thus, miRNA-regulated circuits may amplify TGF-1 signaling, accelerating DN [22] . More recently, the same group found that TGF-induced acetylation of chromatin and Ets-1 to alleviate repression of miR-192 in DN. The induction of miR-192 expression by TGFin mouse mesangial cells (MMCs) initially involved the Smad transcription factors, followed by sustained expression that was promoted by acetylation of the transcription factor Ets-1 and of histone H3 by the acetyltransferase p300 [25] .
Putta et al. treated STZ-induced diabetic C57 mice with locked nucleic acid (LNA) modified anti-miR-192 and observed significantly increased ECM repressor ZEB1/2 and decreased expression of TGF-, collagen, and fibronectin (FN) in diabetic kidney, as well as attenuated proteinuria [26] , thus indicating the possibility of the approach of LNA-antimiR-192 to the treatment of DN. In contrast, Wang et al. found that TGF-treatment decreased the expression of miR-192/215 in rat proximal tubular cells (NRK-52E), primary rat mesangial cells, human podocytes, and kidney of apolipoprotein E diabetic mice [27] . The discrepancies might be due to differences in cell types and animal species. It is impossible to confirm that these unconformities really exist under the same conditions. Further studies are needed to explain the differences between these results.
miR-216a
and miR-217. Kato et al. dug out the miRNAmediated link between TGF-and Akt, which were important signaling pathways of DN in MMCs. miR-192 and TGF-induced levels of MiR-216a and miR-217, both of which targeted PTEN, an inhibitor of Akt activation [28] . This work not only demonstrated the presence of miRNAnetwork regulated by miR-192/TGF-but also, more importantly, indicated the mechanism of miRNA-mediated Akt activation by TGF-. A further research showed that, under diabetic conditions, miR-216a was upregulated, followed by the inhibition of Y box binding protein 1 which led to increased expression of TGF-stimulated clone 22, eventually resulting in high production of COL1 2 in MMCs [29] . This study suggested a fibrosis-inducing role of miR-216a related to the pathogenesis of DN in MMCs. 
miR-

miR-21.
Except for its critical role in tumorigenesis [31] [32] [33] , miR-21 is also found as a DN player. miR-21 serves as the molecular link between high glucose and PTEN and contributes to renal cell hypertrophy and matrix expansion. Overexpression of miR-21 resulted in reduction in PTEN expression and increase in Akt phosphorylation, while miR-21 sponge, a miR-21 inhibitor, reversed the DN-inducing effects of high glucose. miR-21 also inactivated proline-rich Akt substrate of 40 kDa, a negative regulator of mammalian target of rapamycin complex 1 that can mediate pathologic features of DN [23] . In line with this study, work by Zhong et al. demonstrated miR-21 as a key therapeutic target for renal injury in db/db mice. The authors found miR-21 targeted mothers against decapentaplegic homolog 7 (SMAD7), which was the repressor of TGF-1. Importantly, transferring miR-21 knockdown plasmids into the diabetic kidneys of db/db mice ameliorated microalbuminuria, renal fibrosis, and inflammation at age 20 weeks, revealing a therapeutic potential for DN by targeting miR-21 [34] . Fiorentino et al. found that, in a mice model of type 1 diabetes, SV40 MES 13 mouse mesangial cells, as well as human kidney biopsies from patients of DN, miR-21 were significantly upregulated, which led to downregulation of tissue inhibitors of metalloproteinase 3 (TIMP3) [35] . Given that TIMP3 deficiency has emerged as a hallmark of DN [36] , it is conceivable that miR-21 may be an inducer of DN. In addition, work by Wang et al. in kk-ay type 2 diabetic mice demonstrated that miR-21 contributes to renal fibrosis by downregulating matrix metallopeptidase 9/TIMP1. The ECM inducing effect of miR-21 was reversed by antagomir-21 [37] . These two studies suggested that miR-21 induces DN through regulation of TIMPs.
miR-377
. miR-377 was upregulated in high glucose cultured or TGF-treated human and mouse mesangial cells. Increased miR-377 resulted in suppression of p21-activated kinase and superoxide dismutase, which enhanced FN expression [38] . To date, this has been the only study focused on the relationship between miR-377 and DN. Interestingly, another study showed that miR-377 targeted heme oxygenase 1 (HO-1), an important antioxidant which participated in oxidative redox signaling [39] . Since HO-1 Journal of Diabetes Research 5 also prevents DN through antioxidative effect [40, 41] , miR-377/HO-1 pathway might be a new mechanism by which miR-377 induces DN. Further studies are needed to verify the underlying mechanisms.
miR-195.
Elevated expression of miR-195 was found in both STZ-induced type 1 diabetic mice and podocytes cultured in high glucose. B-cell lymphoma 2 protein levels were decreased while caspase-3 increased in podocytes after transfection with miR-195 [42] . These findings suggested that miR-195 might mediate podocyte apoptosis in DN. In line with this study, miR-195 was observed to be increased not only in STZ-induced type 1 diabetic mice but also in high glucose cultured MMCs, followed by enhanced apoptosis of MMCs [43] .
Besides, miR-195 was identified as an inhibitor of sirtuin 1 (Sirt1) in DN [44] . As a histone deacetylase, Sirt1 is a key regulator which ameliorates DN via multiple mechanisms [45] [46] [47] [48] . It is interesting to investigate the regulation of Sirt1 by miR-195 in DN and inhibiting miR-195 might be a new strategy to ameliorate DN.
miR-215. Mu et al. identified miR-215
as an epithelialmesenchymal transition-promoting molecule in TGF-1 treated MMCs [49] . miR-215 was found to target cateninbeta interacting protein 1, which suppressed Wnt/ -catenin signaling. Thus miR-215 activated -catenin followed by the overexpression of alpha smooth muscle actin ( -SMA) and FN. 2.9. miR-1207-5p. Alvarez et al. reported that a long noncoding miRNA, miR-1207-5p, was highly expressed in normal human renal proximal tubule epithelial cells, podocytes, and normal mesangial cells and was upregulated by high glucose and TGF-1; meanwhile miR-1207-5p also increased TGF-1, PAI-1, and FN1, all of which contributed to DN [52] .
miR-135a.
He et al. showed that miR-135a was markedly upregulated in serum and renal tissue from patients with DN, as well as from db/db mice, accompanied by the development of microalbuminuria and renal fibrosis. Furthermore, the authors identified transient receptor potential cation channel, subfamily C, member 1 (TRPC1), as a target of miR-135a during renal injury. Overexpression of TRPC1 was able to reverse the pathological effects of miR-135a on promoting proliferation of mesangial cells and increasing synthesis of extracellular matrix proteins. Moreover, miR-135a attenuated store depletion-induced Ca (2+) entry into cells by regulating TRPC1. Importantly, knockdown of miR-135a in diabetic kidneys restored levels of TRPC1 and reduced synthesis of fibronectin and collagen 1 in vivo [53] . These findings suggested that miR-135a plays an important role in renal fibrosis and inhibition of miR-135a might be an effective therapy for DN.
Downregulated miRNAs in DN
Several key factors are overexpressed in DN, such as TGF-2, COL1, COL4, and NADPH oxidase subunit 4 (NOX4). These DN-inducing factors result in ECM accumulation, renal fibrosis, and oxidative stress, all of which contribute to the pathogenesis of DN. These DN-inducing factors are also targets of several miRNAs, which are downregulated in DN. It is reasonable that these downregulated miRNAs are DNinhibiting miRNAs which lead to the decrease of these DNinducing factors (Table 2) . 
miR-29.
All three members of the miR-29 family (miR29a/b/c) were suppressed by TGF-1 in proximal tubular cells (NRK-52E), primary mouse mesangial cells, and human podocytes. miR-29 family repressed the expression of targeted COL1 and COL4 in both mRNA and protein levels [56] . In agreement with the study by Wang et al. [56] , MiR-29a was downregulated in HK-2 cells (human proximal tubule cell line) under high glucose/TGF-1 conditions. It directly targeted 3 UTR of COL4 1 and COL4 2, resulting in downregulation of these two fibrotic genes [57] . Study by Chen et al. demonstrated a renal-protective role of miR-29b in db/db mice, indicating that miR-29b may exert its protective effect by inhibiting TGF-/SMAD3 signaling pathway and specificity protein 1/NF-B-driven renal inflammation [4] . A recent finding demonstrated that hyperglycemia-induced podocyte dysfunction was ameliorated by miR-29a promotion of nephrin acetylation [58] .
Different from findings aforementioned, by using a miRNA expression array, Long et al. found miR-29c as an important miRNA in inducing cell apoptosis and accumulation of ECM under diabetic environment. The authors also identified Sprouty homolog 1 as a direct target of miR-29c. Albuminuria and kidney ECM were reduced by knockdown of miR-29c with antisense oligonucleotide in db/db mice [59] . The discrepancies may be due to differences in experimental models. Further studies are required to confirm the controversial results. [60] , revealing the potential therapeutic role of miR-451 since p38-MAPK pathway was positively involved in DN [10] . However, in cancer research, a variety of studies have shown the tumor suppressing effect of miR-451. miR-451 targeted 14-3-3zeta, a phosphoserine/threonine-binding protein that inhibited nuclear accumulation of transcription factor FoxO3, a positive regulator of erythroid antioxidant genes [61] . miR-451 also inhibited cell proliferation in human hepatocellular carcinoma through direct suppression of inhibitor of kappa B kinase-beta, leading to the downregulation of NF-B [62] . Zhang et al. also validated that miR-451 targeted CUG triplet repeat-binding protein 2, a ubiquitously expressed RNAbinding protein, known to interact with cyclooxygenase-2 (COX-2) 3 UTR and inhibit its translation [63] . Since each of FoxO3, NF-B, and COX-2 plays a role in DN [15, 64, 65] , it is possible that miR-451 may ameliorate DN through regulating these factors. Further studies are needed to verify the hypothesis.
miR-25
. miR-25 level was significantly reduced both in kidneys from diabetic rats and in high glucose-treated mesangial cells, accompanied by the increases in NOX4 expression levels. An inhibitor of miR-25 effectively increased NOX4 levels. Luciferase assays showed that miR-25 directly bound to the 3 UTR of NOX4 mRNA. These data indicate that miR-25 may be a DN-protective molecule through inhibiting NOX4 [66] . 3.6. let-7b. TGF-1 decreased let-7b expression and induced fibrogenesis in NRK52E cells while ectopic expression of let7b inhibited TGF-1 receptor 1 (TGFBR1) expression, leading to reduced expression of ECM genes. Conversely, knockdown of let-7b elevated TGFBR1 expression and mimicked the profibrotic effect of TGF-1. Importantly, let-7b expression was also reduced in kidneys of type 1 diabetic mice together with upregulated TGFBR1 [68] . Thus, let-7b seemed to show a good prospect for therapeutic intervention of renal fibrosis in DN. However, work by Schaeffer et al. [69] showed elevated let-7b under high glucose conditions, the result of which was reduced expression of transcription factor high-mobility group AT-hook 2, in turn reducing laminin subunit beta-2, which was regarded as a key component of GBM and determined glomerular barrier permeability. Further studies are needed to confirm the exact role of let-7b in DN.
Therapeutic Speculation of miRNAs in DN
Because of the important role of miRNAs in regulating multiple biological effects in DN, it is of great potential to develop methods to inhibit DN-inducing miRNAs or increase kidney-protective miRNAs. The aforementioned upregulated or downregulated miRNAs may be potential targets for the treatment of DN.
Silencing DN-Inducing miRNAs.
There are basically four ways to silence miRNAs, including anti-miRNA oligonucleotides (AMOs), miRNA-inhibiting natural agents, miRNA sponges, and gene knockout [70] . All four methods are briefly introduced below.
Anti-miRNA Oligonucleotides (AMOs).
AMOs are designed to complement miRNAs that are stopped from binding to their target sequences [71] . However, delivery of AMOs in vivo is a substantial obstacle to their effective use as therapeutics. Chemical modification of AMOs can be beneficial by improving hybridization affinity for the target mRNA, resistance to nuclease degradation, or activation of RNaseH or other proteins involved in the terminating mechanism [72] . 2 -O-Me modification as well as the 2 -O-methoxyethyl (2 -MOE) and 2 -fluoro (2 -F) chemistries is modified at the 2 position of the sugar moiety, while LNA comprises a group of bicyclic RNA analogues in which the furanose ring in the sugar-phosphate backbone is chemically locked in an RNA mimicking N-type (C3 -endo) conformation by the introduction of a 2 -O,4 -C methylene bridge [72] [73] [74] [75] [76] . Among these chemical modifying methods, LNA shows the highest affinity towards complementary RNA [77, 78] .
Inhibiting DN-inducing miRNAs with AMOs represented a good profile in the treatment of the disease. Transfer of miR-21 knockdown plasmids which contained LNA-antimiR-21 into the diabetic kidneys of db/db mice at age 10 weeks significantly attenuated microalbuminuria, renal fibrosis, and inflammation at age 20 weeks [34] . Multiple low dose administration of LNA-anti-miR-192 in type 1 diabetic mice resulted in decreased miR-192 level, together with decreased COL1 2 and miR-216a/miR-217 and attenuated Akt activation [28] . In another study, injection with LNA-anti-miR-192 decreased the expression of miR-192, miR-141, miR-200b, miR-200c, COL1 2, COL4 1, and TGF-1 in mouse renal cortical tissues [22] . Similarly, LNA-anti-miR-192 ameliorated DN in C57 type 1 diabetic mice by restoring the function of ECM inhibitor ZEB1/2, leading to downregulation of ECM genes and less albuminuria [26] . Knockdown of miR-29c by a specific antisense oligonucleotide significantly reduced albuminuria and ECM in kidneys of db/db mice [59] . miR-215 silencing in vivo with antagomir-215 significantly reduced miR-215-mediated -catenin activity and decreased a-SMA and FN expression in db/db mice [49] . Antagomir-21 decreased TIMP1, COL4, and FN proteins as well as urine albumin creatinine ratio (ACR) and creatinine clearance ratio (CCR) in kk-ay mice [37] . These findings suggested a potential therapeutic prospect of AMOs in clinical use.
miRNA-Inhibiting Natural
Agents. Some natural agents derived from food are demonstrated to have miRNAinhibiting effect. Curcumin and its analog CDF were found to downregulate miR-21, a key miRNA in tumor aggressiveness [79] . Resveratrol also reduced prostate cancer growth and metastasis by inhibiting Akt/miR-21 pathway [80] . Because miR-21 contributes to DN, it is quite possible that curcumin and resveratrol may ameliorate DN through inhibiting miR-21 [7, 34, 36, 37] .
4.1.3. miRNA Sponges. miRNA sponges contain complementary binding sites to the seed region of the miRNA of interest, which allows them to block a whole family of related miRNAs [70] . The sponges are transferred into cells by subcloning the miRNA binding site region into a vector containing a U6 small nuclear RNA promoter with 50 and 30 stem-loop elements [81] .
A study using miR-21 sponge effectively inhibited endogenous miR-21 at the cellular level and prevented downregulation of PTEN and phosphorylation of Akt induced by high glucose in rat and human mesangial cells [23] . However, the application of miRNA sponges in DN animal models has not been reported, although it has already been used in animal models of cardiac hypertrophy, immune response, and breast cancer [82] [83] [84] . Studies in animal models are needed to observe the utility of this method towards DN.
Genetic Knockout.
Gene-knockout mice lose the whole function of miRNAs. The knockouts can be either a miRNA itself or key miRNA processing factors such as Drosha, Dicer, and argonaute 2 (Ago2). Mice with podocyte-specific deletion of Dicer induced proteinuria and glomerulosclerosis [85] . Another study showed that Dicer-knockout in podocytes led to rapid glomerular and tubular injury [86] .
On the other hand, a specific miRNA knockout showed a promising effect on the prevention of DN. miR-192-knockout mice were protected from key features of DN [87] and miR-21-knockout mice suffered far less interstitial fibrosis in response to kidney injury [88] .
Restoring Renal-Protective miRNAs.
By using miRNA mimics, miRNA expression vectors, miRNA-containing exosomes, and miRNA-inducing natural agents, levels of renalprotective miRNAs can be restored and thus lead to the protection from DN.
4.2.1. miRNA Mimics. miRNA mimics are double-stranded synthetic miRNA oligonucleotides. The guide strand is identical to the mature miRNA sequence, while the other strand called passenger strand is partially or fully complementary to the guide strand [89] . When transfected into cells, the guide strand which mimics the function of certain miRNA regulates protein-coding genes in a miRNA-like manner [90] . miRNA oligo mimics are easy to synthesize and introduce into cells using lipid reagents or electroporation and are easily achievable in most cellular situations. However, high cost for synthesis and purification and rapid clearance following transfection are the disadvantages. A variety of miRNA mimics showed miRNA mimicking effects on cancers both in vitro and in vivo [91] [92] [93] [94] . However, there is no study focused on miRNA mimics in DN. Thus, replacement of renal-protective miRNAs would be a new strategy for the attempt to the treatment of DN.
miRNA Expression
Vectors. miRNA expression vectors are engineered to express miRNAs of interest. In a plasmid or viral vector, a certain miRNA can be expressed by a short hairpin RNA (shRNA) using polymerase II or III promoter. The shRNA is processed into mature miRNA by Dicer before loading into RISC [95] . Artificial miRNA vector which contained natural miRNA precursor inhibited the expression of target mRNA [96] . The knockdown effect of shRNAs on the expression of target gene was striking and stable [74] ; however, it might saturate the Exportin 5 pathway of endogenous miRNAs, leading to off-target effects with fatal consequences [97] . miRNA expression vectors have the advantages of longer expression and reduced likelihood of off-target effects because the guide and passenger strands are completely natural to the cell [89] . The limitations in clinical applications include possible insertion of genetic material into the specific location of the genomes of the host cells and causing possible immune responses. To date, no studies utilizing miRNA vectors are found on DN.
miRNA-Containing Exosomes.
Exosomes are 40-100 nm membrane vesicles which contain proteins, mRNAs, miRNAs, or signaling molecules and are secreted into the extracellular space by numerous cell types [98] . Valadi et al. demonstrated that exosomes transferred miRNAs from their cell of origin to target cells [99] . In addition to miRNAs, pre-miRNA could be identified in mesenchymal stem cellderived exosomes [100] . Therefore, the miRNAs-transferring ability of exosomes offers the promise that they may be used for therapeutic purposes for DN. Exosomal miRNAs have been discovered as diagnostic biomarkers of DN [101, 102] . However, studies on exosomal miRNAs in preventing or ameliorating DN are still wanted in the future.
miRNA-Inducing Natural
Agents. Difluorinated curcumin (CDF), a curcumin analog, increased the expression of miR-200a in pancreatic cancer cells [103] . Isoflavone and 3,3 -diindolylmethane (DIM) restored the expression of let7-b and led to the reversal of epithelial-to-mesenchymal transition in gemcitabine-resistant pancreatic cancer cells [104] . Because of the renal-protective role of miR-200a [54, 105] and let7-b [68] , CDF, isoflavone, and DIM might prevent DN through regulating these two miRNAs.
To date, there has not been a successful clinical intervention of miRNAs towards diseases. However, several miRNA interventions have been in different clinical developmental stages. miR-122 inhibitor against hepatitis C virus infection is in phase II clinical trial [106] . miR-34 mimic against liver cancer or metastasized cancer involving liver is in phase I clinical trial [90] . let-7 mimic against cancer (details undisclosed) is in preclinical stage [107] . Inhibitors of miR-21, miR-208, miR-195, miR-221, miR-103/105, and miR-10b are in preclinical stage against cancer/fibrosis, heart failure/cardiometabolic disease, postmyocardial infarction remodeling, hepatocellular carcinoma, insulin resistance, and glioblastoma, respectively [107] . It is noted that, among these miRNAs, miR-21 and miR-195, let-7 are all DN-related, which might provide hope for the treatment of DN.
Conclusions
In summary, several miRNAs are related to DN. Some of them take part in the pathogenesis and development of the disease while others serve as DN-killers or -preventers. Therefore, it would be wise to elevate the renal-protective miRNAs and reduce DN-inducing ones.
miRNAs established a vast ocean for researchers to dive into and find the pathogenesis of disease and the potential target for therapeutic intervention. The prospect of miRNA-based intervention is bright. However, there are still challenges. For example, the exact and detailed regulation and function of miRNAs are still not fully understood. A certain miRNA may have several target genes. Thus, either upregulation or downregulation of a miRNA would have multifactorial effects, including the expected effect as well as side effects. Experimental verification of target genes also seems to be hard work, for the miRNA regulations are basically at a translation level. Better understanding of miRNA biogenesis and function will be beneficial for better application of miRNA-based treatment for diseases, including DN.
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